Cell wall peptidoglycan-anchored surface proteins are essential virulence factors in many gram-positive bacteria. The attachment of these proteins to the peptidoglycan is achieved through a transpeptidation reaction, whereby sortase cleaves a conserved C-terminal LPXTG motif and covalently attaches the protein to the peptidoglycan precursor lipid II. It is unclear how the sorting reaction is regulated spatially and what part sortase localization plays in determining the distribution of surface proteins. This is mainly the result of inadequate immunofluorescence techniques required to resolve these issues in certain bacterial pathogens. Here we describe the utilization of the phage lysin PlyC to permeabilize the cell wall of Streptococcus pyogenes to antibodies, thereby allowing the localization of sortase A using deconvolution immunofluorescence microscopy. We find that sortase localizes within distinct membranal foci, the majority of which are associated with the division septum and colocalize with areas of active M protein anchoring. Sortase distribution to the new septum begins at a very early stage, culminates during septation, and decays after division is completed. This implies that the sorting reaction is a dynamic, highly regulated process, intimately associated with cell division. The ability to study cytoplasmic and membrane antigens using deconvolution immunofluorescence microscopy will facilitate further study of cellular processes in S. pyogenes.
C
ell wall anchored surface proteins play a vital role in the pathogenic process of many gram-positive bacteria (1) . These proteins all have a conserved C-terminal anchor domain comprised of an LPXTG motif followed by a hydrophobic region and a few positively charged amino acids at the C terminus (2, 3) . During protein export, the C-terminal anchor domain is stalled in the secretion channel, leaving the LPXTG motif exposed on the outer surface of the membrane. The transpeptidase sortase then cleaves this motif between the threonine and glycine residues (4) and attaches the freed threonine to the peptidoglycan precursor, lipid II (5) . Lipid II then serves as substrate for peptidoglycan synthesis, leading to the covalent attachment of the protein to the cell wall.
The important human pathogen Streptococcus pyogenes (6) employs an impressive array of wall-anchored virulence factors that function in immune evasion, adherence, and invasion, among other roles (7) . In S. pyogenes, sortase A is the housekeeping sortase and was shown experimentally to anchor M protein, protein F, C5a peptidase (ScpA), and protein G-related ␣2-macroglobulin-binding protein (GRAB) to the cell wall (8) . In addition to sortase A, S. pyogenes harbors two specialized sortases, associated with the FCT (fibronectin-binding, collagenbinding T antigen) region. Of these, one is specific for T antigen, a major component of the streptococcal pili (8, 9) , while the other recognizes an altered consensus sequence, QVPTGV and anchors a protein of unknown function (10) .
While the biochemical aspects of the sorting reaction have been studied in detail in various organisms (1) , much less is known about the spatial organization of this process. First clues that the sorting reaction is spatially controlled came from studies conducted in the 1960s that examined the regeneration of M protein on cells treated with trypsin (11, 12) . These studies showed that M protein is actively anchored to the streptococcal cell wall solely at the division septum. On the other hand, protein F, a major fibronectin-binding protein, was subsequently found to be localized mainly at the old pole (13) . A recent study showed that the signal sequence directs these two proteins to their respective positions on the cell surface and that switching the signal sequence between them results in altered localization (14) .
Our current knowledge regarding the spatial organization of protein sorting in S. pyogenes is mainly derived from the study of anchored surface proteins, while the actual distribution of sortase remains unknown. Localization of this protein by immunofluorescence has so far been hindered by the fact that lysozyme, a muralytic enzyme commonly used to permeabilize bacterial cell walls to antibodies, has only a marginal effect on S. pyogenes (15, 16) . In this report, we introduce the use of the phage lysin PlyC (17) as a tool to overcome this problem. We found that low-dose treatment of fixed cells with this highly efficient cell wall hydrolase, permeabilizes the bacterial cell wall to antibodies without causing adverse effects to the cellular morphology. Preservation of cellular morphology is largely dependent on the presence of M protein anchored to the cell wall. Using this method, we were able to determine the localization of sortase by deconvolution immunofluorescence microscopy.
Results
Production and Validation of Anti-Sortase A Antibodies. Hexahistidine-tagged sortase A, lacking its N-terminal transmembrane domain, was purified (supporting information (SI) Fig. S1 A) and determined to be catalytically active (data not shown). This protein was used for immunization of mice and affinity purification of resulting anti-sortase antibodies. We deleted sortase from D471 and found that the resulting strain, AR01, missorted M protein to the cytoplasm and supernatant in agreement with previous results (8) . Complementation of AR01 with pAR107, a plasmid expressing sortase, restored the wild-type phenotype (Fig. S1B) . We then analyzed the specificity of the anti-sortase antibodies by Western blot (Fig. S1C) . These antibodies reacted with a band of the correct size in the wild-type strain D471, but not with the sortase mutant AR01. Recombinant sortase expressed from a plasmid restored reactivity to the antibodies. An additional faint band, present in both D471 and plasmidcomplemented AR01, is likely to be a sortase cleavage product, as it is completely absent from AR01.
The Effect of Mild PlyC Treatment on the Morphology of Fixed S.
pyogenes Cells. Permeabilization of the cell wall to antibodies is a prerequisite for the use of immunofluorescence microscopy for the study of subsurface antigens in bacteria. S. pyogenes cells were fixed using paraformaldehyde/glutaraldehyde, treated with methanol, and then treated with a low dose of the phage lysin PlyC. Membrane permeabilization with methanol equalizes the cellular and environmental osmotic pressures and is required to prevent membrane bulging through the PlyC-generated holes in the cell wall. Wild-type D471 cells treated in this manner display only minor morphological alterations compared to untreated cells (Fig. 1, compare A, untreated and B, treated) . Furthermore, the application of 20ϫ concentrated PlyC, which leads to visible perforation of the cell wall (not used for immunofluorescence), does not result in cell rupture (Fig. 1C) . Close examination of the perforation pattern displayed by these cells reveals that PlyC is active throughout the cell wall, as was previously demonstrated by the binding pattern of fluorescent PlyC (17) .
We observed that M protein, a fibrous coiled-coil molecule extending 60 nm from the cell surface, and readily seen as irregular structures on the wall of WT D471 (Fig. 1 A) , is pivotal in preserving cell wall integrity following PlyC treatment. Even mild PlyC treatment of the isogenic M protein knockout strain JRS75, causes the removal of the cell wall and the creation of spheroplasts (Fig. 1, compare D, untreated and E, treated) . Furthermore, removal of M protein from D471 by trypsin digestion similarly predisposes the cell wall to removal by PlyC and formation of spheroplasts (Fig. 1F) .
In addition, PlyC treatment of the sortase mutant, AR01, which does not anchor M protein to the cell wall (Fig. S1B) , leads to a similar phenotype (Fig. 1G) , while complementation of AR01 with pAR107 restores near-WT phenotype (Fig. 1H) . We therefore propose that M protein may be forming a cross-linked mesh around the cell following fixation, and that this mesh preserves the gross overall integrity of the cell wall following gentle PlyC treatment, despite the partial degradation of the peptidoglycan.
Localization of Sortase in S. pyogenes. The application of mild PlyC treatment allowed us to study the localization of sortase A in S. pyogenes using deconvolution microscopy. The images in Fig. 2 are presented as serial Z-stack captures and represent a typical distribution of sortase in a short chain of streptococcal cells. Sortase was found to localize to a number of foci in D471 cells ( Fig. 2 A, Movie S1), while the sortase mutant AR01 did not react with the antibodies (Fig. 2C) . Sortase foci were predominantly associated with the division septum, but were not always strictly confined to the division plane. Sortase foci could also be found at the equatorial rings (discussed below) and, to a lesser extent, at the poles. In these experiments, wheat germ agglutinin (WGA) was used to visualize the cell wall peptidoglycan and carbohydrate, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a cytoplasmic marker.
Cytoplasmic GAPDH labeling was used to rule out the possibility that sortase localization in foci results from incomplete permeabilization of the cell wall. GAPDH is a glycolytic enzyme, which has also been found on the surface of several S. pyogenes strains, where it plays a role in binding various host factors (18) . We found that log-phase D471 cells however, express very little surface GAPDH in comparison to the vast cytoplasmic pool (data not shown). This fact enabled us to use it as a cytoplasmic marker, applying labeling conditions under which surface GAPDH fluorescence is negligible. Effective labeling of cytoplasmic GAPDH demonstrates that antibodies have free access into the cell. Cytoplasmic areas from which GAPDH is excluded, coincide with the location of the nucleoid (data not shown), a phenomenon that was also observed when soluble GFP was expressed from a plasmid (data not shown) and is therefore not a labeling artifact. In addition, sortase distribution in the M protein negative strain JRS75, which loses its peripheral cell wall altogether during PlyC treatment (Fig. 1E) , is similarly confined to foci (Fig. 2B , Movie S2). Taken together, these results confirm that uneven permeabilization of the cell wall could not account for the sortase localization pattern.
While peripheral cell wall is removed from the M protein negative JRS75 during PlyC treatment, cell wall labeling with WGA revealed that a small amount of wall material was trapped at the septal regions (Fig. 2B, green ). This produced a labeling pattern that ranged from faint rings at early stages of the cell division to strong rings and disks at later stages. A similar WGA labeling pattern was observed in the sortase mutant AR01 (Fig.  2C ), which does not anchor M protein to the cell wall (Fig. S1B ). Our observation that the M protein negative JRS75 is labeled with the anti-sortase antibodies to the same extent as the WT strain D471, suggests that that removal of the cell wall does not account for AR01's lack of reactivity with these antibodies. membrane. To examine sortase localization in relation to the membrane, we labeled D471 cells for sortase, the membrane [with nonyl acridine orange (NAO)] and DNA, and determined the distribution of sortase in the middle section of the cells, as the image resolution over the xy plane is better than that of the z-axis (Fig. S2 AϪG) . Sortase foci consistently localized to the membrane and no sortase labeling was observed in the cytoplasm. Control cells (without anti-sortase antibodies) showed no sortase labeling (Fig. S2H) . It is important to note that while NAO labeling shows a membranal microdomain enriched for anionic lipids in untreated S. pyogenes (19) , this fine lipid structure is disrupted by the methanol treatment required for membrane permeabilization.
Localization of Sortase as a Function of Cell-Cycle Stage.
Streptococcal cells grow in chains and divide asynchronously within the chain, a fact that complicates determination of the cell-cycle stage of individual cells. We took advantage of the fact that WGA specifically labels the septa of PlyC treated, M protein negative JRS75, to detect the active division septa. JRS75 cells were stained for sortase, septal wall material, and cytoplasmic GAPDH. Cells containing a single defined septum were divided into five size groups (small to large), representing consecutive stages in the cell cycle. Two-dimensional projections were made from the Z-stack data, and the average fluorescence intensity for each antigen was plotted as a function of the distance from one of the cell poles. In the smaller size groups (Fig. 3 A-C ) the cell orientation in the chain often made it possible to determine which pole is the result of the previous cell division. The fluorescence plots for these cells were aligned so that the younger pole is located to the left. For each size group at least 30 cells were analyzed, and the WGA signal, which regularly gave a sharp peak indicating the septum location, was used to align them to one another for the creation of population distribution plots (Fig. 3, right column) . The population distribution plots reveal a clear preference for sortase localization to the septum throughout the cell cycle. Localization to the septum increases gradually following septation (Fig. 3 A-B ) and peaks at mid-division (Fig. 3C) . In addition to the septum, sortase foci can also be found distributed to other locations in the cell, particularly to the equatorial rings and to a lesser extent, the poles. The equatorial rings are peptidoglycan features formed following division. They are located on both sides of the septum, at the border between new and old peptidoglycan, and are particularly visible in the M protein negative JRS75 cells (Fig. 1D) . In time, the division sites of the daughter cells would be placed at those locations (20) . Sortase localization to the equatorial rings increases during late division stages and is manifested in the population plot as secondary peaks on both sides of the septum (Fig. 3E) . Assembly of sortase at these sites, before septation in the daughter cells can be detected by WGA staining, illustrates sortase recruitment as an early and gradual event in the division cycle.
Sortase localization to the poles is not uncommon, but is less pronounced. Following conclusion of a division cycle, sortase foci often linger at the closed division septum, seen at the population level as a small peak at the young (left) pole (Fig.  3A) . Localization to the poles however, is not restricted to very young cells and can be detected on some cells throughout the cell cycle. 
Sortase Foci Are Predominantly Associated with Sites of Active
M-Protein Anchoring. M protein, one of the most abundant surface proteins, is anchored exclusively at the division septum (12) . To test the localization of sortase in relation to areas of active M protein anchoring, M protein was removed from D471 cells by trypsin digestion, and the cells were either fixed immediately or washed and incubated in media without trypsin before fixation and permeabilization. Using the 3B8 monoclonal (21), directed to the N-terminus of the M protein molecule, which is distal from the cell surface, only a small amount of M protein is detected in cells fixed immediately after trypsin digestion (Fig. 4A, time 0) . This small amount, primarily trapped at the septum, was not accessible to trypsin, but could be reached by antibodies after permeabilization of the cell wall with PlyC. Following 15 min in media without trypsin, M protein was regenerated at the septal regions of cells, and sortase foci were regularly seen associated with these areas of newly anchored M protein. Following 35 min incubation, more extensive M protein anchoring is seen. By this time, septation often began in the daughter cells, and sortase associated with these newly forming septa can be seen at the flanks of areas to which M protein has been anchored. Note that the cell wall is removed during the PlyC treatment from those areas not containing M protein, because M protein is required to maintain the cell wall integrity.
M-Protein Anchoring Is Localized to Sites of Lipid II Export.
Following cleavage of the LPXTG motif in the C terminus of surface proteins, sortase attaches the protein to the peptidoglycan precursor lipid II (5), leading to its covalent linkage to the cell wall. To study the relative localization of active M protein anchoring and lipid II export, D471 cells were trypsinized as described above, allowed to regenerate M protein for 5 min, and then fixed but not permeabilized. These cells were labeled with the 10B6 monoclonal (22) , which binds close to the base of the M protein molecule (at the cell wall surface) and better reflects the location of the actual anchoring sites, and vancomycin-BODIPY, which binds the D-alaϪD-ala motif found in lipid II and newly deposited peptidoglycan (23) . Vancomycin-BODIPY labeled a strong septal band and weaker bands at the equatorial rings at some stages of the cell cycle (Fig. 4B) , similar to the pattern observed in S. pneumoniae (23, 24) . Newly anchored M protein initially appeared in foci, closely associated with sites of vancomycin-BODIPY labeling. M protein was often detected simultaneously at the closing primary division septum and the mature equatorial rings/daughter cell division sites. This obser- 
Fig. 4.
Sortase foci preferentially localize to sites of active M protein anchoring. (A) D471 cells were grown to OD 600 0.5 in media containing 0.05% trypsin and either fixed immediately or washed and incubated in media without trypsin for 15 or 35 min before fixation. The cells were permeabilized, stained for sortase (red), and subsequently labeled for M protein using 3B8-FITC conjugated (green) and for DNA using DAPI (blue). (B) D471 cells were trypsinized as in A and allowed to regenerate M protein for 5 min, but were not permeabilized. The cells were stained for M protein (red) using the 10B6 monoclonal and Alexa Fluor 647 conjugate, and for DNA (blue). Vancomycin-BODIPY (green) was used to detect lipid II export regions. Images are presented as two-dimensional projection of the 3D data.
vation is in agreement with the early and gradual migration of sortase to the new septum (Fig. 3) .
A more detailed view of M protein regeneration following trypsin treatment is presented in Fig. S3 . While M protein is initially observed in septum-associated foci, these coalesce to form continuous patches at the 15-and 30-min time points (Fig.  S3A ) and cover the surface of the organism when no trypsin is applied (Fig. S3B) . However, the distribution of M protein may not be completely even, as some variations in fluorescence intensity are visible.
Discussion
Fluorescence microscopy is one of the most widely used techniques in cell biology. Immunofluorescence uses specific antibodies to localize native antigens in the cell, and therefore requires permeabilization of the cell wall, which in model organisms such as Escherichia coli and Bacillus subtilis is routinely performed through the use of the muralytic enzyme lysozyme (25, 26) . However, because of the high resistance of S. pyogenes to lysozyme (15, 16) , we used the phage lysin PlyC to permeabilize the cell wall. Treatment of fixed S. pyogenes cells with a low concentration of PlyC does not result in complete degradation of the cell wall, but rather in weakening and fragmentation of the peptidoglycan. This treatment renders the peptidoglycan permeable to large molecules, such as antibodies, allowing the use of immunofluorescence to study intracellular antigens in the context of surface molecules. Our observations suggest that M protein is required to preserve the cell wall integrity following PlyC treatment. We propose that following fixation, the fibrillar coiled-coil M protein forms a cross-linked mesh at the cell surface, which tethers the fragmented cell wall, and prevents its dissociation. In the absence of M protein, the cell wall fragments are removed in subsequent washing steps, leaving behind spheroplasts that retain only a small amount of wall material trapped at the septum, which can be used for precise localization of the septum using fluorescent WGA (concentrated PlyC removes this material as well). Compared to the available immuno-EM method, immunofluorescence offers higher processivity and the ability to look at cells as a whole, rather than as thin sections. The use of immunofluorescence may be expanded to other bacteria refractory to standard procedures, by the use of phage lysins specific to these organisms, a number of which have already been cloned and characterized (27) .
Proteins are anchored to the cell wall of S. pyogenes in two known patterns. M protein is anchored concomitantly with peptidoglycan synthesis at the septum and is therefore distributed throughout the cell periphery (11, 12) . Protein F on the other hand, is primarily anchored at the poles (13, 14) . We observed that the majority of sortase foci localize to the septal region, where they colocalize with areas of active M protein anchoring and where lipid II is exported. This suggests that the bulk of anchoring activity in the cell is coupled to peptidoglycan synthesis at the septum. Sortase recruitment to the septa is a gradual process. Sortase foci first appear at the equatorial rings of the mother cell, which then mature into division sites displaying deposition of peptidoglycan. At those initial stages it is not uncommon to find sortase distributed both to the closing mother cell septum and the forming daughter cells septa. Simultaneous protein anchoring at both locations seems possible, as both M protein regeneration experiments, and vancomycin BODIPY labeling, commonly show simultaneous labeling at these locations. Sortase foci observed at mature poles tended to be smaller and less frequent than the septal ones, but may explain anchoring of protein F at this location. The relative localization of sortase and protein F however, remains to be determined. It is also not clear whether sortase is actively recruited to the poles or is only passively retained there following division. The factors that control the recruitment and distribution of sortase are completely unknown at present. However, given the intimate connection between sortase and the division septum, the growing knowledge base regarding the factors orchestrating the division process may provide useful hints (28) .
The question of whether the translocation of LPXTG proteins across the plasma membrane and protein sorting are coordinated, is still open. Localization of SecA, an ATPase associated with the Sec channel, through which LPXTG proteins are translocated, has been addressed by two immuno-EM studies. In one report SecA was found to localize to a single membranal microdomain (29) , while in another, SecA was randomly distributed in the membrane (14) . The reason for this difference is not clear. In a different immuno-EM study, Streptococcus mutans SecA and sortase A were found to colocalize in a single microdomain (30) . While our observations suggest that S. pyogenes sortase generally localizes to more than one focus per cell, the relative locations of sortase and the secretion apparatus in this organism will have to be addressed by future studies.
A recent study found that the LPXTG-anchored protein A is attached to the cell wall of Staphylococcus aureus in 2-4 discrete foci per cell (31) . These foci are distributed in a ring-like structure associated with, but not necessarily parallel to, the division septum. This distinct pattern prompts the question as to whether S. aureus sortase also localizes in foci.
In addition to sortase, S. pyogenes harbors a membranelocalized, LPXTG-specific peptidase termed LPXTGase, a unique glycosylated enzyme that contains amino acids in both D and L conformations and noncanonical amino acids (32, 33) . Studying the relative localization of LPXTGase as compared to sortase may serve as a first step in understanding the relationship between these two LPXTG-specific enzymes. Further studies on possible factors that cooperate with sortase to support efficient protein sorting, and the mechanisms controlling sortase localization, could be greatly aided by the use of immunofluorescence microscopy using PlyC. Better understanding of these mechanisms may, in turn, lead to the development of new anti-infective agents given the crucial role surface proteins play in the survival of gram-positive pathogens in vivo.
Materials and Methods
Bacterial Strains. The E. coli strains DH5␣ and BL21 were used for molecular cloning and recombinant protein expression, respectively. The S. pyogenes M6-type strain D471 was from the Rockefeller University collection. JRS75 is an isogenic M protein knockout mutant (34).
Culture Conditions. E. coli strains were grown in Luria-Bertani (LB) medium, and S. pyogenes were grown in Todd-Hewitt medium (Oxoid) supplemented with 1% yeast extract (Fisher) at 37°C. Antibiotics were used at the following concentrations: ampicillin, 100 g/ml for E. coli; erythromycin, 200 g/ml for E. coli, and 15 g/ml for S. pyogenes; spectinomycin, 20 g/ml for E. coli, and 120 g/ml for S. pyogenes. When applicable, 0.05% trypsin was added to the media, and the cells were washed four times before incubation in fresh media without trypsin.
Reagents and Antibodies. The 10B6 monoclonal antibody (22) was used at a 1:30,000 dilution for Western blot, and 1:2,000 for immunofluorescence. The 3B8 monoclonal (21) , was FITC labeled according to manufacturer instructions (PIERCE) and used at 1:10. Affinity-purified rabbit anti-GAPDH serum (18) was used at 1:3,000 for Western blots and 1:2,000 for immunofluorescence. Affinity-purified mouse anti-sortase A antibodies were used at 1:50 for Western blotting and 1:10 for immunofluorescence. Goat anti-mouse IgG, Rhodamine Red (Jackson ImmunoResearch), and Alexa Fluor 647 (Invitrogen) conjugates, were used at 1:500. Goat anti-rabbit IgG, FITC conjugate (Sigma) was used at 1:2,000 and pseudocolored blue for figure clarity. WGA Marina Blue conjugate (Invitrogen) was used at 5 g/ml and pseudocolored green. Vancomycin BODIPY FL, and NAO (Invitrogen) were used at 1 g/ml, and 10 M, respectively. All other reagents were purchased from Sigma unless otherwise noted.
Light Microscopy. Light microscopy procedures were adjusted for S. pyogenes from Levin et al. (35) . Paraformaldehyde and glutaraldehyde were added to the culture medium to final concentrations of 2.6% and 0.012%, respectively, and phosphate buffer pH 7.4 was added to 30 mM. The cells were incubated for 15 min at room temperature, and 30 min on ice, washed with PBS, and attached to polylysine-coated cover slips. The slides were washed with PBS, dipped in ice-cold methanol for 10 -60 seconds, and dipped in PBS. The cells were then treated with 3 U/ml PlyC in PBS for 10 min at room temperature, washed, and blocked for 15 min with normal goat serum (Zymed) supplemented with 1% gelatin from cold-water fish skin (Sigma). Antibodies and dyes were diluted in PBS containing 2% BSA and 1% gelatin, and incubated with the cells in a moist chamber for 1 hour at room temperature. Between incubation steps the cells were washed thoroughly with PBS. To reduce bleaching of the fluorochromes, the slides were mounted in 50% glycerol and 0.1% p-phenylenediamine in PBS pH 8. Images were obtained using a DeltaVision image restoration microscope (Applied Precision/Olympus) equipped with CoolSnap QE cooled CCD camera (Photometrics). An Olympus 100ϫ/1.40 NA, UPLS Apo oil immersion objective was used in conjunction with a 1.5ϫ optovar. Z-stacks were taken at 0.1-m intervals. Images were deconvolved using the SoftWoRx software (Applied Precision/DeltaVision), and corrected for chromatic aberrations. ImageJ (http://rsb.info.nih.gov/ij/) was used to analyze the fluorescence distribution profiles, and raw data were transferred to Microsoft Excel for the creation of average distribution plots. Adobe Photoshop version 7 was used for the preparation of the figures.
Scanning Electron Microscopy.
For morphology studies, slides were prepared as described for light microscopy. Following PlyC treatment, the cells were fixed in 2.5% glutaraldehyde at 4°C overnight. The cells were then treated with 1% osmium tetroxide in 0.1 M cacodylate buffer pH 7.4 for 1 hour, dehydrated using graded ethanol solutions, and critical-point dried. The slides were coated with a thin gold-palladium layer using a Desk IV coater (Denton Vacuum). Images were obtained using a LEO 1550 scanning electron microscope, with field-emission electron gun.
Description of cloning procedure, sortase purification, the production of specific antibodies, and Western blot analysis is provided as SI Methods.
